A group of contractility indexes with potential for noninvasive use are those based on ventricular power. Power is the instantaneous product of pressure and flow and thus is the rate of ventricular work.
Maximal ventricular power (PWRmax) is an ejection phase index occurring early after the onset of aortic flow when central arterial and ventricular pressures are similar. Thus, in the absence of aortic valve disease, central arterial pressure could substitute for ventricular pressure in the determination of power.
The power indexes (in particular, maximal power and rate of power rise) were studied 15-20 years ago by several groups.8-12However, when these studies were conducted, methods for power measurement were both invasive and not very precise. Because the indexes did not offer clear advantages over other more general and conceptually powerful approaches, they were in large part abandoned. However, recent developments in pressure, flow, and dimension recording techniques may now enable PWRma, to be noninvasively determined, rekindling interest in these measurements.
In the present study, we examined the preload, afterload resistance, and inotropic sensitivity of PWRmI. Invasive pressure-volume and pressure-flow data were obtained in reflex-blocked anesthetized dogs to accurately assess each dependency. Based on recent studies of the load and inotropic sensitivities of stroke work,4 we anticipated that PWRm, would display marked preload sensitivity but minimal change from afterload resistance. We further hypothesized that normalization of PWRmax to the square of EDV (PWRmax/EDV2) would in large part eliminate the preload dependence and thus generate a reasonably specific index for contractile state. Our results, based on both experimental data and theoretical model analysis, are consistent with these predictions.
Methods

Preparation
Seven adult mongrel dogs (25-30 kg) were anesthetized with intravenous pentobarbital (20 mg/kg) and fentanyl (0.3-0.5 mg/kg), intubated, and ventilated on a volume respirator. The chest was opened via a lateral thoracotomy at the fourth intercostal space, and the pericardium was incised. The proximal periaortic fat was dissected free, and a 12-or 16- those segments within the chamber to be used in the total volume signal. Volume catheter calibration was performed by determining the parallel conductance offset (average value of at least four separate estimates) using the hypertonic saline technique validated previously15 and a mean gain obtained from the ratio of integrated flow (stroke volume) from the ultrasound flow probe to catheter-derived stroke volume.
Pressures, volume, and flow data were digitized at 200 Hz using custom-designed analog-digital acquisition and signal display software. Raw data were stored on removable hard disks for subsequent analysis.
Protocol
Preload and afterload sensitivity. Preload was transiently reduced by gradual left atrial hemorrhage into a reservoir yielding an average of 27±3 sequential loops for analysis. Preload was defined by the diastolic volume obtained from each pressure-volume loop. Afterload resistance was transiently increased by inflation of the intra-aortic balloon, yielding an average of 13 differently afterloaded beats for each heart. Afterload resistance was quantified by the effective arterial elastance (Ea)'18"9 equal to the ratio of end-systolic pressure to stroke volume. At a constant heart rate, this ratio primarily reflects total vascular resistance. This can be seen by approximating mean arterial pressure with end-systolic pressure. 18 Mean resistance (R) is equal to the following equation: R=MAP/CO=MAP/(HR SV)=(MAP/SV) . T (1) where MAP is mean arterial pressure, CO is cardiac output, HR is heart rate, SV is stroke volume, and T is the cardiac cycle length (seconds). Therefore, Ea=end-systolic pressure/SV~MAP/SV= R/T. Thus at constant T, which occurred in the present study because of autonomic blockade, Ea primarily reflects total resistance (sum of peripheral resistance and characteristic impedance).
All Therefore, for the present study, PWRma, was calculated by using Equation 4 .
In addition to PWRmaX, pressure-volume data were used to obtain other measures of systolic function such as ESPVR. The locus of points of maximal (P/[V-VO]) for the multiple loops during preload change were fit by linear regression to yield the endsystolic elastance (Ees), the slope of the ESPVR. Another contractility index,5 the slope of the relation between maximal pressure derivative and preload volume, was also determined from these beats.
Statistical Analysis
The data were primarily in the form of multiple points from each heart relating load ( Figure  2A . Power was digitally calculated from the aortic pressure-flow product (measured in watts); all of the other channels were obtained on-line. These data demonstrate a strong dependence of PWRmax on preload, a consequence of combined changes in arterial pressure and peak flow.
The relation between PWRmaX and EDV is displayed directly in Figure 3 ( R F2, where R is resistance, P is pressure, and F is flow. For the group data, resistance increased by 57%, whereas peak flow decreased by 24%. Heart rate was not significantly altered. Thus, the net power change during aortic occlusion could be predicted as (1.57 0.762)=0.91, or 91% of baseline power with an almost 60% increase in afterload resistance. In the observed data, PWRmax actually increased slightly with aortic occlusion; however, this was more likely due to simultaneous increases in EDV during aortic occlusion (see Figure 2B ). Figure 3 (right panels) also shows an example (from the same dog) of Figure 5 . None of the indexes displayed much change for an initial 20% increase in afterload. However, with further resistance increase, concomitant EDV increase led to significant increases in PWRmax. Normalization to EDV reduced this effect, but the changes were in large part eliminated by dividing by EDV 2. Multiple regression results for the afterload change (again, based on the raw data) are provided in Table 3 Ee.) Figure 6 shows the results of these comparisons as well as the 95% prediction intervals for the regressions.
To test whether simultaneous changes in heart rate, preload, or afterload resistance that could accompany drug-induced alterations in contractility influenced the relation between PWRhaX/EDV 2 and Ee, or A, we again used a multivariate regression model that included these variables. The only factor with a significant influence on PWRmax/EDV2 was EDV, and this was true only for the regression of PWVRma/EDV2 versus Ees. In this instance, the dependence had a small negative slope (-0.036+0.014) (i.e., power index decreased with increasing EDV), which is consistent with higher volume at low contractilities but opposite to a direct preload effect as defined earlier.
Discussion The purpose of the present study was to assess the load and inotropic sensitivity of PWRmax and to determine whether a reasonably load-independent contrac- show nearly the same preload sensitivity observed with PWRmax. Furthermore, d(PWR)/dtmax has the disadvantage of requiring further differentiation, which can amplify signal noise. Last, another study normalized mean power (versus PWRma) to estimated diastolic wall stress. 12 Incorporation of wall mass and geometry considerations via a stress formula may be useful for contrasting absolute values of power between subjects with markedly different heart sizes or thicknesses; however, this requires modeling assumptions. The present data were obtained in normal canine hearts with a fairly narrow range of cardiac masses, but in clinical disease states, particularly those with substantially increased chamber volume or mass, heart geometry could be important. Stress normalization would be less critical for predrug and postdrug intervention 0 20 40 60 END -DIASTOLIC VOLUME (ml) FIGURE 7 . Scatterplot ofpreload dependence of mean rate of maximal ventricular power (PWRma,) increase. Maximal power was divided by time to peakpower (ttPP) (from onset of aorticflow). Although prior studies had suggested this measure to be preload independent,10 these data revealed as much preload influence as observed with PWRmWC measurements in the same patient or for studies combining power measurements with exercise.
Why PWR,j/EDV2?
The notion that PWRmax/EDV2 should be fairly free from load dependence yet sensitive to inotropic state can theoretically be supported on several grounds. Mean power is the product of mean pressure and flow and thus resistance multiplied by flow squared. Power divided by volume squared is therefore proportional to resistance divided by seconds squared. Mean arterial resistance is only minimally altered (in the absence of reflexes) with steady-state changes in circulating volume.22,23 Thus, at a constant heart rate and contractile state such as during preload reduction in our protocol, PWRmax/EDV 2 should be little changed.
Another way to consider the preload dependence of PWRmaX is to express power in terms of a timevarying elastance [E(t)]:
Power=P(t) * F(t)=P(t) * dV/dt
. dV/dt (6) where P(t) is instantaneous ventricular pressure and F(t) is instantaneous flow. Thus, power divided by volume squared has units of elastance divided by seconds. At a constant heart rate, it can be shown that PWRmax/EDV2 should be proportional to Ees (see "Appendix 1").
It is somewhat more difficult to predict the after- 
Early in ejection (until Pm.a), dP/dt, P(t), and F(t) are all greater than zero. Thus, PWRm. occurs when dF/dt is less than 0 or when flow is starting to decelerate. This is important because systolic pressure wave reflections generally occur after this time and thus would not influence PWRmax.
